Purpose: Novel noninvasive blood-based screening tests are strongly desirable for early detection of colorectal cancer. We aimed to conduct a head-to-head comparison of the diagnostic performance of 92 plasma-based tumor-associated protein biomarkers for early detection of colorectal cancer in a true screening setting.
Introduction
With more than 1.2 million new colorectal cancer cases and 600,000 deaths occurring every year, colorectal cancer is the third most commonly diagnosed cancer and the fourth most common cancer cause of death worldwide (1) . Due to the slow progression from precancerous lesions to colorectal cancer, early detection could strongly reduce the burden of this disease (2) (3) (4) (5) . However, sigmoidoscopy and colonoscopy, the current gold standards for detection of colorectal cancer in the distal and total colorectum, respectively, are limited by several disadvantages, such as high costs, limited resources, and low compliance (6, 7) . Established noninvasive screening tests are based on stool testing, such as guaiac-based fecal occult blood tests (gFOBT) and fecal immunochemical tests (FIT). However, gFOBTs are limited by low sensitivity (8) , and both gFOBTs and FITs face limitations in adherence related to the need of stool collection (9) .
Due to their noninvasive nature and ease of application in routine medical practice, blood-based tests could ensure high levels of adherence when applied as primary screening tools in population-based colorectal cancer screening, especially for individuals who do not prefer stool sampling, and search for bloodbased screening tests is a very active research area. However, most previous studies aiming to discover and validate novel bloodbased screening markers recruited participants directly from hospitals. In such clinical settings, the colorectal cancer cases typically include a higher proportion of cases in advanced tumor stage than in screening settings (10) . Furthermore, cases may have undertaken some diagnostic or early therapeutic procedures, which may influence potential biomarkers and might lead to overestimation of differences from biomarker levels in healthy controls and hence of diagnostic performance. In addition, confounding may result from noncomparability of cases and controls with respect to other factors, such as other medical conditions, setting of recruitment, or preanalytical handling of blood samples. Therefore, it is a critical issue to identify biomarkers and to evaluate their diagnostic performance in a true screening setting.
Even though different blood biomarkers, such as Septin 9, have been evaluated in both clinical and screening settings (11, 12) , direct comparative analyses of a large number of biomarkers in the same study are still sparse, which makes reported differences in diagnostic performance from different studies difficult to interpret and therefore calls for head-to-head comparisons of a large number of biomarkers in the same study. Novel laboratory techniques allow for such evaluation as well as for evaluation of combinations of the most promising markers, but a very critical issue in the evaluation of such high-dimensional data is rigorous adjustment for potential overoptimism resulting from overfitting (13) .
In our study, plasma levels of 92 tumor-associated proteins were measured in all available 35 carriers of colorectal cancer and a representative sample of 54 controls free of neoplasm recruited from 5,516 participants of screening colonoscopy in 2005-2012. We aimed for a head-to-head comparison of the diagnostic performance of these 92 biomarkers and to derive and validate an algorithm based on a combination of the most promising markers for early detection of colorectal cancer, paying particular attention to rigorous adjustment for potential overestimation of diagnostic performance. Results were further validated in an independent sample of 54 colorectal cancer cases and 38 controls.
Materials and Methods
Reporting of this study follows the TRIPOD (Transparent Reporting of a Multivariable Prediction Model for Individual Prognosis Or Diagnosis) statement (14) .
Study design and study population
The analysis was conducted in the context of the BliTz study (Begleitende Evaluierung innovativer Testverfahren zur Darmkrebsfr€ uherkennung). Detailed information about the BliTz study, which was approved by the Ethics Committee of the University of Heidelberg, was also described elsewhere (15, 16) . Briefly, BliTz is an ongoing study among participants of screening colonoscopy conducted in cooperation with 20 gastroenterology practices in South-western Germany since November 2005, which aims to evaluate novel promising biomarkers for early detection of colorectal cancer. Participants are recruited, and blood samples are taken in the practices at a preparatory visit, typically about one week before the screening colonoscopy.
For this analysis, the following exclusion criteria were applied to exclude participants without adequate blood samples, participants who do not represent a true screening setting, and participants with potentially false negative results at screening colonoscopy: blood samples taken after screening colonoscopy or blood samples with unknown date of blood withdrawal, history of colorectal cancer or inflammatory bowel disease, previous colonoscopy history in the last 5 years or unknown colonoscopy history, incomplete colonoscopy, or insufficient bowel preparation (latter two criteria only for controls). From the remaining participants of the BliTz study recruited in [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] (N ¼ 4,345), all 35 available cases with newly detected colorectal cancer were included in the analysis. For comparison, we included a representative sample of 54 controls free of colorectal neoplasms. Because this study was conducted in a true screening population in which patients with colorectal cancer are expected to be on average slightly older and to include a somewhat large proportion of men, we did not match for these factors as this might lead to biased estimates of specificity in such a setting (17) .
For an independent validation, we also included 54 additional colorectal cancer cases (recruited at four hospitals in and around the city of Heidelberg after diagnosis but before initiation of treatment) and 38 additional randomly selected controls free of neoplasm from the BliTz study.
Colonoscopy and histology reports (BliTz study) and hospital records (54 colorectal cancer cases for the independent validation set) were collected from all participants. Relevant information was extracted by two research assistants independently who were blind to the blood test results. Tumor stages were classified according to the Union for International Cancer Control (UICC) tumor-node-metastasis classification.
The study protocol was also approved by the Ethics committees of the University of Heidelberg and of the physicians' chambers of Baden-Wurttemberg, Rheinland-Pfalz, and Hessen. Informed consent was obtained from each participant.
Laboratory procedures
Sample preparation. Blood samples from participants giving informed consent were to be collected before bowel preparation for colonoscopy (BliTz study) or before large bowel surgery or neoadjuvant chemotherapy (54 colorectal cancer cases from the clinical setting) in ethylenediaminetetraacetic acid (EDTA) tubes. The blood samples were immediately centrifuged at 2,123 g for 10 minutes at 4 C, and the supernatant was transferred into new tubes, and transported to the biobank at DKFZ in a cool chain, where plasma samples were stored at À80 C until analyses. Details on the standard operating procedures have also been described previously (18) .
Laboratory measurements. Protein profiling was performed using Proseek Multiplex Oncology I 96Â96 (Olink Bioscience), which enables quantification of 92 human tumor-associated protein biomarkers (full marker list in Supplementary Table S1 ). The panel of 92 protein biomarkers reflects various biologic mechanisms involved in carcinogenesis, such as angiogenesis, cell-cell signaling, growth control, and inflammation. All laboratory operations were conducted according to the Proseek Multiplex Oncology I 96Â96 User Manual in the TATAA Biocenter (19) . In
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short, the Prossek reagents are based on the Proximity Extension Assay technology (20) , where 92 oligonucleotide-labeled antibody probe pairs are allowed to bind to their respective target present in the sample. A PCR reporter sequence is formed by a proximity-dependent DNA polymerization event and is subsequently detected and quantified using real-time PCR. Four internal controls (including two incubation controls, one extension control, and one detection control) were included in the assay. In addition, there were three replicates of negative controls which were used to calculate the lower limit of detection (LOD) for each protein. All information regarding the study population was blind to the laboratory operators.
Data normalization and statistical analyses Data normalization. Normalization of raw data followed the standard protocol from the manufacturer and was conducted through the Olink Wizard of GenEx software (MultiD). For each data point, the raw Cq value (in log 2 scale) was exported from the Fluidigm Real-Time PCR Analysis Software. The first step of normalization is to subtract the raw Cq value for the extension control for the corresponding sample in order to correct for technical variation. The calculated Cq values (dCq-value) were further normalized against the negative control determined in the measurement, which yielded ddCq values (hereafter: Cq value, in log 2 scale) and could be used for further analyses. LOD was defined as the mean value of the three negative controls plus 3 calculated SDs. Missing data and data with a value lower than LOD were replaced with LOD in the following statistical analyses ( Supplementary Fig. S1 ).
Statistical analyses. The plasma protein levels (Cq value) were first compared between colorectal cancer cases and neoplasm-free controls using the Wilcoxon Rank Sum Test (hereafter: Wilcoxon test), and the Benjamini and Hochberg method was additionally employed for multiple testing. The following diagnosis-related indicators were used for evaluating the diagnostic performance of each protein biomarker: sensitivity (true positive rate), specificity (true negative rate), ROC curve, and area under the ROC curve (AUC). For each individual protein biomarker, a logistic regression model was used to construct the prediction model. Based on the predicted possibilities from the prediction model, the AUCs and their 95% confidence intervals (95% CI, calculated based on 2,000 bootstrap samples) were derived. Moreover, sensitivities of each individual biomarker at cutoffs yielding 80% and 90% specificity were calculated. In addition to direct estimates of the diagnosis-related indicators, the .632þ bootstrap method (ref. 21; 1,000 bootstrap samples with replacement) was applied to adjust for potential overestimation of diagnostic performance. Furthermore, for the biomarkers which were identified to have significantly different plasma levels between colorectal cancer cases and controls, stage-specific AUCs (apparent and .632þ adjusted AUCs) were also calculated, and the Delong test (22) was employed to compare the differences of apparent AUCs between early stages (i.e., tumor stage I/II) and advanced stages (i.e., tumor stage III/IV).
A multimarker algorithm was derived by applying the Lasso logistic regression model based on all 92 protein markers. With the purpose of adjusting for potential overfitting of the prediction algorithm, a ".632þ bootstrap subsampling approach" (23) was conducted in the following way: (i) generate 1000 bootstrap samples (subsampling method, bootstrap without replacement);
(ii) for each bootstrap sample set, apply the Lasso logistic regression procedure to select variables and to construct a prediction algorithm; (iii) apply this algorithm on those patients not included in the bootstrap sample to obtain bootstrap estimates of prediction errors for each bootstrap sample; (iv) further adjust these results using the .632þ method to obtain a nearly unbiased estimate of the prognostic AUC of the original algorithm. Construction of the algorithm was done including all colorectal cancer cases. Evaluation was likewise performed for all colorectal cancer cases and, in addition, separately for colorectal cancer cases at early and advanced tumor stages. Finally, AUC and sensitivity at cutoffs yielding 80% and 90% specificity, respectively, and their 95% CIs of the multimarker algorithm were determined in the independent validation sample.
Statistical analyses were performed with the statistical software R version 3.0.3 (24) . R package "Daim" was used to conduct .632þ bootstrap analyses for single markers (25) . R package "glmnet" was employed to perform the Lasso logistic regression analysis for multimarker analyses (26) . In addition, R packages "peperr" (27) and "c060" (28) were applied to conduct the "632þ bootstrap subsampling approach" described above. All tests were two-sided, and P values of 0.05 or less were considered to be statistically significant.
Results Figure 1 provides the STAandards for the Reporting of Diagnostic accuracy studies (STARD) diagram which shows the selection of study participants from all subjects enrolled in the BliTz study in 2005-2012. The final study sample included 35 colorectal cancer patients who were compared with a representative sample of 54 controls free of colorectal neoplasms. Latter included 6 participants with hyperplastic polyps and 48 participants without colorectal polyps. Table 1 presents the distribution of sociodemographic characteristics in the colorectal cancer case group and the control group. The controls were on average slightly younger than cases (mean AE SD: 62.8 AE 7.0 v. 66.9 AE 6.5 years). Here, 71.4% of the patients with colorectal cancer were men, compared with 50.0% of those free of colorectal neoplasms. Approximately equal proportions of patients were diagnosed in early (stage I/II) and advanced stage (stage III/IV), and there were equal numbers of patients with colon and rectum cancer.
A head-to-head comparison of the diagnostic performance of the 92 protein biomarkers is shown in Supplementary Table S2 . Overall, there were 17 protein biomarkers showing significantly different plasma levels between colorectal cancer cases and controls (Table 2 and Supplementary Table S2 ). When using 25% false positive rate (FDR) as the cutoff level for multiple testing, all the 17 biomarkers were still statistically significant. However, only carcinoembryonic antigen (CEA), growth differentiation factor 15 (GDF-15), and amphiregulin (AREG) met an FDR threshold of 5%. Apart from prostate-specific antigen (PSA), for which statistically significantly higher plasma levels in men than in women were found, all the other 16 biomarkers did not show any statistically significant relationship with sex or age within the group of controls free of colorectal neoplasms (P values >0.05, data not shown). In addition, sensitivity analyses excluding four participants reporting to have had any cancer diagnosis in the past in self-administrated questionnaires were also conducted, and yielded almost identical results (data not shown).
Among these 17 protein markers, 9 protein markers were overexpressed and 8 protein markers showed lower levels in colorectal cancer cases compared with controls (Table 2 and Supplementary Fig. S2A ). The .632þ adjusted AUCs of these 17 markers ranged from 0.55 to 0.70. Four markers, including AREG, CEA, GDF-15, and IL6, yielded substantially better diagnostic performances than the others, with .632þ adjusted AUCs no less than 0.65. When the cutoff values were set to yield 80% specificity, the highest .632þ adjusted sensitivity was observed for CEA (52%). With cutoff values set to yield 90% specificity, the highest .632þ adjusted sensitivity was observed for AREG (36%). Supplementary Fig. S2B shows the distribution of plasma levels for the 17 protein markers for colorectal cancer patients in early tumor stages and advanced tumor stages. Seven protein markers (IL6, CXCL9, CXCL10, PSA, cathepsin-D, caspase-3, and AREG) showed higher levels in early tumor stages than in advanced ones. However, only the result for IL6 was statistically significant (P value < 0.05). Table 3 shows the comparison of ROC analysis for these 17 markers between colorectal cancer patients at early and advanced stages. Most markers (13/17) showed higher adjusted AUCs in colorectal cancer patients at early tumor stages than at advanced ones. However, none of the differences was statistically We used the Lasso Logistic regression model to construct a multimarker prediction algorithm based on all 92 protein biomarkers. The following 8 markers were selected for inclusion in the algorithm: IFNg, EMMPRIN, ERBB4, PSA, CD69, AREG, HGF receptor, and CEA (algorithm is shown in Supplementary Table  S3 ). The apparent AUC was 0.88 (95% CI, 0.81-0.95). Through the ".632þ bootstrap subsampling approach," the adjusted AUC of this algorithm was 0.77 (95% CI, 0.59-0.91). Of note, this algorithm showed a similar diagnostic value for early stage colorectal cancer and advanced stage colorectal cancer (.632þ adjusted AUC: 0.79 vs. 0.75, respectively).
Finally, we also validated this eight-marker algorithm in the independent validation set, which included 54 colorectal cancer cases and 38 controls free of colorectal neoplasms (characteristics of this validation set are shown in Supplementary Table S4 ). The age distribution of this validation set was similar to the sage distribution in the main study from the screening setting, even though both cases and controls included somewhat lower proportions of men. The tumor stage distribution of cases in the independent validation set was similar to the stage distribution of colorectal cancer cases detected at screening colonoscopy according to the German screening colonoscopy registry (10). Table 4 and Fig. 2 show the diagnostic performance of the eight-marker algorithm for colorectal cancer prediction in the independent validation set. The AUC was 0.76 (95% CI, 0.65-0.85), and sensitivities at cutoffs yielding 80% and 90% specificities were 65% (95% CI, 41%-80%) and 44% (95% CI, 24%-72%), respectively. In this independent validation set, diagnostic performance was better for advanced stage than for early stage disease (AUC, 0.84 vs. 0.72, respectively).
Discussion
In this article, we performed a head-to-head comparison of the diagnostic performance of 92 tumor-associated protein biomarkers in plasma samples from all available 35 cases detected with colorectal cancer and a representative sample of 54 neoplasm-free controls recruited among 5,516 participants of screening colonoscopy in the BliTz study in 2005-2012. Seventeen plasma protein biomarkers showed significantly different plasma levels between colorectal cancer cases and controls. ROC analyses of these 17 biomarkers adjusted for overestimation by .632þ bootstrap yielded AUCs ranging from 0.55 to 0.70. Four markers (AREG, GDF-15, IL6, and CEA) showed substantially better diagnostic performance than others, with AUCs of no less than 0.65. We constructed an eight-marker algorithm based on the 92 biomarkers identified in our analyses, which increased the adjusted AUC to 0.77 (95% CI, 0.59-0.91). When this eight-marker algorithm was validated in an independent validation set, the AUC was 0.76 (95% CI, 0.65-0.85), and sensitivities at cutoffs yielding 80% and 90% specificities were 65% (95% CI, 41-80%) and 44% (95% CI, 24-72%), respectively. Some statistically significant biomarkers identified in our study were observed to have some samples with values below LOD after the normalization of raw data, such as CEA and TNFa. We carefully examined these samples and found that most of them were controls. Therefore, we would presume replacing those values to LOD would not strongly affect the validity of our biomarker findings.
Among all 92 biomarkers, AREG showed the best diagnostic performance for colorectal cancer detection, with an adjusted AUC and adjusted sensitivities at cutoffs yielding 80% and 90% specificity of 0.70 (95% CI, 0.57-0.86), 46%, and 36%, respectively. The diagnostic efficacy of AREG was thus comparable with the gFOBT, for which a sensitivity of 33% along with a specificity of 95% has recently been reported in a partly overlapping sample set selected from the BliTz study (8) . AREG belongs to the EGF family, which has been suggested to have proneoplastic effects in tissues of a wide variety of organs, such as colon, lung, and stomach, through proinflammatory mechanisms (29, 30) . Our study is the first to show its promising diagnostic potential as a biomarker for early detection of colorectal cancer. AREG has been shown to compete with EGF to bind to the EGF receptor (EGFR), which belongs to the ERBB/human epidermoid receptor (HER) family, including the following 4 members (30): epithelial growth factor receptor (EGFR/HER1/ERBB1), HER2/ NEU (ERBB2), HER3 (ERBB3), and HER4 (ERBB4). All of these four members were tested in our plasma samples and were found to be downregulated in colorectal cancer cases compared with controls. However, differences were statistically significant for ERBB4 only.
Apart from AREG, two other inflammation-related biomarkers, GDF-15 (also known as MIC-1; ref. 31 ) and IL6 (32) , also showed good diagnostic performance for colorectal cancer detection. Our results regarding GDF-15 are in line with the findings from Mehta and colleagues (33) and Wallin and colleagues (34) , who reported an association between higher levels of circulating GDF-15 and colorectal cancer. IL6 has been intensively studied and our results are in line with accumulating evidence for a positive association between increased expression of IL6 and colorectal cancer (32) . However, to our knowledge, no studies have reported the diagnostic efficacy of GDF-15 and IL6 as single markers for colorectal cancer detection.
CEA is one of the most frequently examined markers in gastrointestinal tumors. However, due to its limited sensitivity especially for early stage cancer, and its limited organ specificity, CEA is not regarded as suited as an individual diagnostic marker despite its undisputed value for monitoring tumor recurrence (35, 36) and metastasis (37, 38) . In our analyses, CEA was found to have higher plasma levels in colorectal cancer patients at advanced stages compared with early ones, which is consistent with previous evidence (39) . Nevertheless, although CEA is limited by its poor diagnostic efficacy as a single biomarker, it could still be used in a multimarker panel to enhance the diagnostic performance, which was also seen in other studies (40, 41) .
Most of the biomarkers identified in our study have been suggested to play a role in tumor angiogenesis. For instance, CXCL9 and CXCL10 were suggested to act as angiogenic factors (42) . The results regarding CXCL10 are consistent with the findings by Dimberg and colleagues (43) , who measured plasma levels of CXCL10 in 104 colorectal cancer patients and 92 controls recruited from a hospital in Sweden and found CXCL10 plasma levels to be significantly higher in colorectal cancer cases than in controls.
To date, no single blood biomarker qualifying for mass screening has been identified. The combination of multiple markers might be a more promising approach to achieve the necessary sensitivity and specificity for application in mass screening. Various types of biomarkers have been proposed by previous research, including DNA methylation markers (44) , microRNA markers (45), autoantibody markers (46) , and other protein markers, and simultaneous testing of multiple markers is increasingly employed. For instance, one study by Thorsen and colleagues (47) in 2013 tested 74 protein biomarkers in plasma samples from 70 colorectal cancer patients and 210 controls using the same detection technique adopted in our study. A combination of five proteins (CEA, Transferrin receptor-1, Macrophage migration inhibitory factor, Osteopontin, and cancer antigen 242) was reported to have an AUC and sensitivity at 90% specificity of 0.861 and 56%, respectively, for early stage colorectal cancer. There are large overlaps of markers examined in the study by Thorsen and colleagues (47) and ours, and different significant biomarkers were identified among biomarkers measured in both studies (Supplementary Table S5 ). The apparently better diagnostic performance of their panel might appear surprising on first view. However, the apparent differences might be well explained by the fact that the study by Thorsen and colleagues (47) was conducted in a clinical setting and did not apply any adjustment for overoptimism (not doing so would have yielded an even higher AUC in our study). The above mentioned limitations were also shared by many other studies regarding blood biomarkers for colorectal cancer detection. For reasons outlined in detail in the introduction, it is a critical issue to identify for and evaluate biomarkers in samples from screening settings in order to obtain valid performance characteristics under screening conditions. Furthermore, as demonstrated in our article, correction for overfitting (cross-validation, bootstrap techniques) and/or external validation are also indispensable to adjust for potential overestimation of diagnostic performance.
The algorithm derived by the Lasso logistic regression in our study conferred a moderate improvement in diagnostic performance in diagnostic performance compared with individual markers. Although performance of the algorithm is comparable or even somewhat better than performance of gFOBT, the most widely used noninvasive colorectal cancer screening in the past, it cannot compete with performance of FITs (8) or multitarget stool DNA testing (48) , which are increasingly used for colorectal cancer screening. It is conceivable, however, that combination of the algorithm or single markers identified in our study with future blood-based markers may contribute to the development of a multimarker panel that might yield similar or even better diagnostic performance as FITs and might be less affected by adherence issues that often encounter in stool-based screening.
To our knowledge, our study is the first to conduct a head-tohead comparison of these 92 protein biomarkers for colorectal cancer detection based on samples from a true screening setting. There are specific strengths and limitations that deserve careful consideration. Strengths include that both cases and controls were selected from participants of screening colonoscopy, which represent the target population for colorectal cancer screening in which the diagnostic performance of biomarkers should be evaluated. Furthermore, we rigorously applied .632þ bootstrap methods to ensure elimination of overestimation of diagnostic performance. The validity of our results was additionally confirmed by replication in an independent validation sample. Although cases in the independent sample were recruited in a clinical setting, this should not invalidate the results. Whereas identification of markers by comparing patients recruited in a clinical setting with healthy controls may lead to spurious differences resulting from the different conditions of recruitment, no such bias is expected when biomarkers are identified by comparing cases and controls recruited in the same screening setting as done in our analyses. Such true differences between cases and controls would also expected to be seen in comparisons of cases recruited in a clinical setting and controls recruited in a screening setting, as observed in our analyses. Limitations of our study include the relatively small number of colorectal cancer cases despite the very large screening population recruited, which reflects the very low prevalence of colorectal cancer in a true screening population. The small numbers of cases limited precision of performance estimates and the possibility of stratifying analyses by important additional factors beyond stage, such as cancer site, sex, and age, which should be aimed for in future larger studies. Future studies should also address the potential to enhance diagnostic performance by combination of the identified markers with additional informative blood markers. In addition, to what extent the protein biomarkers tested in our study are colorectal cancer specific deserves further exploration. Finally, future studies should compare the ability of the identified biomarkers and algorithm to detect relevant precursors of colorectal cancer, such as advanced adenomas.
In summary, blood-based tumor-associated protein biomarkers appear to be potentially useful tools for early detection of colorectal cancer. Specific single biomarkers and the eight-protein algorithm exhibited diagnostic performance comparable or superior to diagnostic performance of gFOBT (8) . In order to match performance of FITs (8) and to be useful for populationbased colorectal cancer screening, further improvement is desirable and should be explored in future research. The combination of the most promising biomarkers identified in our study with additional biomarkers might contribute to the development of a powerful multimarker blood-based test for early detection of colorectal cancer.
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